Abstract Purpose
Introduction
Neuroblastoma is the most common extracranial solid tumor of childhood age and the most frequent malignancy diagnosed during infancy [1] . It represents 8-10 % of all childhood malignancies and about 15 % of all mortalities of malignancy in children [2] . Five-year survival rate in children less than 1 year of age reported in European population is 91 %, whereas it is less than 60 % in older children [3] . One of the most important prognostic factors is the disease extent; thus, various imaging modalities are employed to stage the disease and subsequently to identify the extent of unresected tumor mass or to evaluate the effectiveness of therapy [4] . Some of the commonly used imaging modalities are plain radiography, ultrasonography, computed tomography (CT), magnetic resonance imaging (MRI), 123 I-or 131 I-metaiodobenzylguanidine (MIBG) scintigraphy, bone scintigraphy and positron emission tomography (PET) [4] . Conventional imaging with 123 I-or 131 I-MIBG is a well-established and standard method for staging of neuroblastoma with reported sensitivity and specificity of above 90 % [5] [6] [7] . As about 70 % of neuroblastoma only concentrates MIBG, however, there may be false-negative results associated with radioiodinated MIBG scan [8] . Therefore, due to these false-negative or false-positive issues, several studies have compared the MIBG scan with 1 8 Ffluorodeoxyglucose (FDG)-PET. Some studies have reported that MIBG scan is superior to FDG-PET in the tumor evaluation, and others have shown opposite results. FDG-PET is well known as a very useful imaging modality in the clinical oncology field. Numerous studies have reported the clinical significance of FDG-PET in the diagnosis, treatment response, and prognosis evaluation of various kinds of tumors [9] [10] [11] . Especially, in the pediatric malignancies, the role of FDG-PET has also been reported in the several studies [12, 13] . However, its clinical role for neuroblastoma still remains less clear due to the paucity of published studies which have presented the significance of FDG-PET [14] [15] [16] . There are just a few studies which have investigated the prognostic evaluation of FDG-PET in neuroblastoma patients [17, 18] . However, no FDG-PET studies have been performed in patients with MIBG-avid neuroblastoma. It is well known that MIBG uptake of neuroblastoma is not related to tumor differentiation but the noradrenalin transporter system [18, 19] . However, it is not still clear why some of the neuroblastoma present less expression of noradrenaline transporter gene. Therefore, it may be worthy of investigating the value of FDG-PET under the same condition of MIBG uptake. We have performed this study to evaluate the prognostic value of pretreatment FDG-PET in patients with MIBG-avid neuroblastoma.
Materials and Methods

Patients
Sixty-five patients who pathologically diagnosed as neuroblastoma or ganglioneuroblastoma and performed FDG-PET/CT at our institute from January 2008 to December 2015 were retrospectively reviewed. The 20 patients who have done initial diagnostic workup including pretreatment FDG-PET/CT at our institute and shown MIBG avidity were included in the present study. MIBG avidity was defined when the tumor showed MIBG uptake above blood pool in MIBG scintigraphy. For the analysis, clinical information including age, sex, histopathology, stage, serum lactate dehydrogenase (LDH), neuron-specific enolase (NSE), ferritin, primary tumor size, bone marrow involvement, and several PET parameters including SUVmax of the primary lesion (Psuv), targetto-background ratio (TBR), metabolic tumor volume (MTV), and coefficient of variation (CV) were investigated. This study was approved by the institutional review board of our hospital, and the need for written informed consent was waived.
FDG-PET/CT Imaging Protocol
All patients were given FDG-PET scans using a Siemens PET scanner (Biograph 40 True-point; Siemens, Knoxville, TN, USA). After fasting for at least 6 h, 18 F-FDG of 5.18 MBq/ kg (0.14 mCi/kg) was administered intravenously and the image acquisition was started at 60 min after the injection. Serum glucose levels were less than 150 mg/dL at the time of administration of FDG in all patients. A prior CT scan was obtained during shallow breathing from the skull base to the proximal thigh by using a low-dose CT protocol for the purpose of attenuation correction. The consecutive emission scan was acquired after the CT scans in three-dimensional mode at each bed position (2.5 min/bed, 21.6-cm increments). PET images were corrected for attenuation and reconstructed onto a matrix of 128 × 128 using the three-dimensional ordered-subsets expectation maximization algorithm (2 iterations, 21 subsets, 7-mm post-smoothing).
FDG-PET Data Analysis
All PET images were reviewed by the experienced nuclear medicine physician using commercial imaging software (Syngo.via, VA 30; Siemens Healthcare, Erlangen, Germany). To evaluate FDG uptake of neuroblastoma, spherical volume of interests (VOIs) were drawn for the primary tumor for each patient. In each VOI, the maximum standardized uptake value (SUVmax) was measured and the SUVmax of the primary tumor was calculated. To analyze target-tobackground ratio (TBR), a background mean SUV was measured in the normal liver parenchyma. A spherical VOI with 3.0 cm radius was placed in the right inferior hepatic lobe (segment 5/6) avoiding large vessels such as the portal vein ( Fig. 1 ). In patients with hepatic invasion or metastasis, the VOI was drawn in a hepatic location where metastatic lesions were not detected by other imaging modalities such as CT or MRI. Based on these metabolic values, parameters for analysis of FDG-PET/CT were calculated; the SUVmax of the primary tumor (Psuv), the uptake ratio of Psuv to mean SUV of normal liver (TBR), and metabolic tumor volume (MTV). MTV was calculated on SUV threshold 2.5 using Syngo.via software. In addition, coefficient of variation (CV) that has been reported to predict therapy response and prognosis in other cancers was chosen for intratumoral FDG heterogeneity (IFH) analysis. The CV is an intuitive and feasible parameter as against complexity of other statistics-based heterogeneity parameters. The CV was defined as the ratio of the standard deviation (SD) of the SUVmax to the SUVmean within the automatically delineated tumor volume calculated using SUV threshold 2.5.
Statistical Analysis
To evaluate a difference of clinical factors and FDG-PET parameters between two groups by progression, Mann-Whitney U test and Chi-square test were used. For the prognostic evaluation of clinical factors and FDG-PET parameters, progression-free survival (PFS) was chosen as end point. PFS was defined as the time from diagnosis to first evidence of progression or relapse. Data were censored if the patients were alive and free of progression during the follow-up period. Optimal thresholds of continuous variables for distinguishing low and high risk in Kaplan-Meier analysis were determined with receiver operating characteristics (ROC) curves analysis. Kaplan-Meier method was used to calculate cumulative PFS according to FDG-PET parameters. Univariate regression analysis using the log-rank test was used to assess the value of all the prognostic factors for the prediction of PFS. A p value of less than 0.05 was considered statistically significant and all analysis was performed using SPSS software for Windows (version 22.0; IBM SPSS, Somers, NY, USA).
Results
Patients' Characteristics
The demographic and clinical characteristics of patients are summarized in Table 1 . Of a total of 20 patients (mean age, 4.5 ± 3.5 years; age range, 1 month to 14 years; male:female ratio = 1.5:1), 6 patients (30 %) experienced disease progression and 1 patient (5 %) died during follow-up period. Survival time was defined as the time from the day of the first diagnosis with pathologic result to the day of detection of disease progression (or death) or to the day of the last follow-up visit at our medical center. The disease progression was defined as ≥20 % increase in the size of known tumor based on the Response Evaluation Criteria In Solid Tumor (RECIST) or detection of newly developmental metastases on follow-up imaging examinations such as CT or MRI after initial pathologic diagnosis. The patients were divided into two groups depending on either the presence of disease progression into progression or no progression. There were not statistically significant differences in age, stage, MYCN gene status, primary tumor size, serum NSE, LDH and ferritin level between two different groups with disease progression or nonprogression. However, FDG-PET parameters including Psuv, TBR, MTV, and CV did show significant differences between the two groups (p = 0.017, 0.09, 0.02, and 0.036). The Psuv (11.5 ± 8.9 vs 5.4 ± 2.7), TBR (9.1 ± 5.9 vs 5.3 ± 2.9), MTV (174.5 ± 129.9 vs 98.01 ± 126.7), and CV (0.34 ± 0.20 vs 0.13 ± 0.1) values in the disease progression group were remarkably higher compared with the non-progression group and statistically significant.
Prognostic Evaluation of FDG-PET Parameters
Data on progression were available for six patients with a median PFS of 22.33 ± 16.54 months. The selected cutoff values of Psuv, TBR, MTV, and CV for prognostic analysis were 7.78, 5.54, 33.46, and 0.11 respectively. Psuv (p = 0.021) and TBR (p = 0.023) among four FDG-PET parameters were predictive for PFS in univariate analysis using log-rank test. Although MTV showed a significant trend, it was not significant (p = 0.074). CV was not statistically significant (p = 0.111). Survival curves for low-and high-risk subgroups determined by optimal cutoff are depicted in Fig. 2 . The corresponding thresholds with p values for dichotomized variables are given in Table 2 . The same way was applied to clinical factors including age, sex, stage, serum NSE and ferritin levels, but there was not significant. However, the primary tumor size and LDH which are well known as representative prognostic factors of pediatric neuroblastoma showed a significant trend (p < 0.1), though statistically insignificant. Fig. 1 Measuring of the background mean SUV for target-tobackground ratio (TBR). A background mean SUV was measured in the normal liver parenchyma with a spherical VOI of 3.0 cm radius placed in the right inferior hepatic lobe
Discussion
In this study, we investigated the prognostic value of diagnostic FDG-PET/CT before any treatment in MIBG-avid pediatric neuroblastoma. Psuv and TBR among FDG-PET parameters were predictive for progression. These results suggest that FDG-PET may be a useful and potential predicator for disease progression or recurrence in pediatric neuroblastoma patients.
Evaluation of prognosis is of great importance so that the clinician properly figures out a patient and decides the effective treatment regimen. FDG PET is well known as a useful predictive study in many malignant tumors such as lymphoma, lung cancer, breast cancer, and so on [20] [21] [22] . However, for pediatric neuroblastoma, there are only a few reports that have evaluated the prognostic significance of FDG PET [17, 18] . Many studies have reported that MIBG scintigraphy is the most sensitive and specific method for staging and response evaluation in neuroblastoma [23, 24] . Therefore, the radioiodine-labeled MIBG scan has been used in the diagnosis and response evaluation and considered as the Bgold standard^in the staging of neuroblastoma for several decades. Even several studies have reported that radioiodine-labeled MIBG scintigraphy is superior to FDG-PET in the assessment of stage IV neuroblastomas because of the better detection of bone or bone marrow metastases [15, 17] . However, there are several limitations associated with the use of radiolabeled MIBG in the diagnostic workup of pediatric neuroblastoma that present false-positive or false-negative findings [15] . Moreover, this technique requires correlation with morphological imaging modalities in most of the cases and also involves patient preparation precautions [25] . Recently, several studies have reported that FDG-PET scan was especially useful in patients with tumors that showed less MIBG uptake [15] . There are several reports showing importance of FDG-PET scan in neuroblastoma which MIBG scan failed to detect the lesions [26, 27] . Generally, poorly differentiated malignancy tends to show higher FDG uptake than the welldifferentiated tumors [28] . It is just as well in the case of neuroblastoma. Poorly differentiated neuroblastoma presents high FDG uptake compared to differentiated neuroblastoma and ganglioneuroblastoma [18] . Contrary to this, MIBG uptake of neuroblastoma is not related to tumor differentiation but the noradrenalin transporter system [17] [18] [19] . That is, MIBG uptake does not suggest tumor differentiation and hence it is difficult to show prognostic value. Eventually, it is concluded that FDG uptake of neuroblastoma reflects better tumor aggressiveness than MIBG uptake and has much relevance to prognosis of patient. Nevertheless, MIBG avidity that has a role as a tumor-specific tracer in neuroblastoma is an important factor that cannot be ignored. To evaluate the prognostic value of pretreatment FDG-PET in those patients with neuroblastoma having a similar degree of MIBG uptake, we have performed this study. Our data showed that parameters from FDG PET were predictive in the prognosis evaluation of neuroblastoma. Psuv and TBR, which are representative parameters of FDG-PET, were significant prognostic factors for predicting PFS beyond other conventional clinical prognostic factors. Although MTV showed a significant trend, it was statistically insignificant. These results correspond with previously noted findings in other malignant tumors. Numerous studies have reported that FDG-PET parameters such as SUVmax, MTV, and TBR were predictive to PFS or overall survival (OS) in various malignant tumors [29, 30] . We have also analyzed CV, which is one of representative parameters of intratumoral FDG heterogeneity (IFH). It is a wellknown fact that FDG uptake pattern within a tumor is not homogenous, and several studies have reported that IFH has the potential as a new biomarker of prognosis [31, 32] . In this study, however, CV was not significant. This result may be due to a small number of subjects, and so further study with more patients is needed. Actually, clinical values such as age, primary tumor size, MYCN, and serum markers are already wellknown prognostic factors in pediatric neuroblastoma. In this study, the values did not present significant meaning because of a small number of patients, except for primary tumor size and serum LDH which showed significant trends. Nevertheless, however, in the way that FDG-PET parameters were predictive for PFS in this small subject group, parameters of diagnostic FDG-PET before any treatment may have potential as prognostic factors in pediatric neuroblastoma. In our study, Psuv and TBR were significant to predict prognosis compared with other FDG-PET parameters which did not show statistical significance. Figure 3 is a representative case which shows high MTV and IFH, but relatively low Psuv. The Psuv in this case was lower than a optimal threshold for distinguishing low and high risk in Kaplan-Meier analysis (Psuv 6.3, threshold 7.78), and both MTV and CV were over the thresholds (MTV 147.5, threshold 33.46; CV 0.26, threshold 0.11). This patient did not show disease progression during the follow-up period.
There are several limitations to our study. First, it was not a prospectively designed study, but a retrospective study from a single center with a relatively small population. Thus, there is a possibility of selection bias. Secondly, the number of patients with initial diagnostic FDG-PET scans was too low, which may cause deviation of significance in statistical analysis. Thirdly, due to the small number of patients, we could not perform the multivariate analysis and also compare the difference of the FDG PET parameters according to the stage or histopathology. A multicenter prospective study would be needed to validate the clinical significance of FDG PET.
In summary, the present study demonstrates that some parameters from pretreatment FDG-PET were significant for predicting PFS in patients with MIBG-avid neuroblastoma. FDG-PET may have the potential to suggest prognostic information in pediatric neuroblastoma. 
